Elemental S is applied to acidify soils that in turn convert CaCO 3 to CaSO 4 . However, this conversion of S to H 2 SO 4 is a bacterially mediated slow oxidation process. Oxidation of elemental S requires optimum aeration and soil moisture conditions. However, due to the combined effects of fine texture and high sodicity, cotton field soils are characterized by poor drainage and aeration. Thus, application of elemental S rarely succeeds in acidifying the soil and correcting the sodicity hazard. Due to ineffectiveness of elemental S application, some growers resort to the desperate measure of applying concentrated H 2 SO 4 to the irrigation water in the field ditch, which gets diluted as it travels to the field. However, application of H 2 SO 4 with irrigation water is dangerous when performed in an incorrect manner and by unskilled farm workers, which has resulted in numerous injuries and liability lawsuits (based on discussions with local growers). Therefore, there is an urgent need to develop safe alternative method(s) to manage salinity and sodicity of the irrigated cotton fields in the region.
Sulfur burner is a device that safely converts elemental S into H 2 SO 4 . Although S burner has been used for industrial applications, earlier versions were not suitable for treating irrigation water. However, in recent years there have been different versions of S burner that are more affordable for the agricultural applications. The S burner treatment involves controlled burning of S and mixing of irrigation water to produce H 2 SO 3 and eventually H 2 SO 4 as described in the following equations. The resultant acid is mixed with untreated irrigation water in the field ditch. The dilute H 2 SO 4 (concentration can be adjusted) produced by S burner is less corrosive than the concentrated H 2 SO 4 (18 M) that is currently used to acidify irrigation water by farmers. It is expected that the irrigation with S burner-treated water blended with untreated water will convert native CaCO 3 to CaSO 4 , resulting in increased Ca in soil solution to counter Na adsorbed on the soil clay complex ( Johnston et al., 2008) . The clay complex dominated by Ca can flocculate better and form more stable aggregates. This in turn improves soil permeability and excess water can be applied to leach the Na to deeper depths. This method of managing salinity can potentially benefit a large area of salt-affected soils in arid and semiarid regions of the world. However, S burner systems for agriculture can be expensive and therefore, before making a large investment, growers need to understand the effectiveness of this relatively new method. This field study was conducted to evaluate effects of S burner-treated irrigation water on soil salinity, cotton growth, lint yield, and fiber quality. Objectives of this study were to (i) evaluate the effects of S burner-treated irrigation water on salinity and sodicity in the rootzone (upper 75 cm) of cotton, and (ii) determine the effects of S burner-treated water on cotton growth, yield, and fiber quality.
MAterIAls And Methods

study site
This study was conducted in 2016 at a commercially managed, salt-affected cotton field (31°30¢32.30² N, 106°13¢25.49² W) in El Paso County, Texas. The study site has an area of 9.2 ha and the dominant soil map units were Tigua (very-fine, montmorillonitic, calcareous, thermic Vertic Torrifluvents), Glendale (fine-silty, mixed, calcareous, thermic Typic Torrifluvents), and Saneli (clayey over sandy or sandy-skeletal, montmorillonitic, calcareous, thermic Vertic Torrifluvents). Climate at the study location is considered as arid with an average annual precipitation of 15 cm and potential evapotranspiration of 194 cm; daily maximum and minimum temperatures of 35.8°C and -3.4°C; solar radiation of 19.78 MJ m -2 d -1 and wind speed of 1.21 m s -1 . Agronomic practices included land preparation 2 wk before planting by disking up to 15 cm and sub-soil chiseling to a 45-cm depth. All N fertilizer was applied at the rate of 167 kg N ha -1 in the form of a liquid fertilizer urea ammonium nitrate (UAN; N-P-K, 32-0-0). Before planting, elemental S was also applied as a soil amendment at the rate of 6.56 Mg S ha -1
. Roundup Ready Pima cotton cultivar DP348RF (Monsanto) was planted in mid-May 2016 with a row spacing of 1 m and a target population density of 105,000 plants ha
at the rate of 0.71 L ha -1 was used to prevent major arthropod pest (cotton leaf perforator, Bucculatrix thurberiella Busc; cotton aphid, Aphis gossypii; bollworm, Helicoverpa armigera; and cotton leafworm, Spodoptera littoralis) infestation. Harvest aid FirstPick, which contains ethephon and urea sulfate, was applied at the rate of 1.78 L ha -1 to facilitate defoliation and boll opening.
Irrigation with sulfur Burner treated Water
The grower managing the cotton field had purchased a trailer mounted commercial S burner (manufactured by D&J Harmon Co., Bakersfield, CA) to treat irrigation water (Fig. 1) . Sulfur burnertreated water was returned to the field ditch carrying untreated water to irrigate the cotton field. This process would facilitate mixing of highly acidic (pH 2.9) S burner-treated water with untreated water having a slightly alkaline pH (7.7). This mixing produced a blended water that had a pH of 6.3, which facilitated dissolution of CaCO 3 present in the soil without adversely affecting the cotton plants. The field ditch was concrete lined, had a trapezoid shape, and flow rate of water was recorded in the ditch at each irrigation event. Using the discharge rate of S burner and the above field ditch information, it was possible to calculate the proportion of S burner-treated water and untreated water in the blended irrigation water. Calculations suggested that the blended irrigation water contained one part of the treated water for every four parts of untreated water (1:4, treated/untreated). The study field was irrigated with a total of 84 cm of this blended water in five intervals during the cropping season (May-October). Samples of untreated water, S burner-treated water, and blended water that was used for irrigation were collected and analyzed for pH, electrical conductivity (EC iw ), sodium adsorption ratio (SAR), Na, K, Mg, Ca, Cl, and SO 4 during the irrigation season as per the methods described in American Public Health Association (2005).
root-Zone salinity Assessment and Monitoring
This study was conducted in a commercially managed cotton field, and the entire 9.2 ha was irrigated from the same irrigation ditch; therefore, it was logistically difficult to apply untreated irrigation water separately to set up the control site. Therefore, we used pre-study soil salinity as the control for evaluating effects of blended irrigation water. Both pre-study and end-of-season EC e and SAR distribution at different depths within the study site were assessed by electromagnetic induction (EMI) method using an EM 38 EMI meter (Geonics Limited, ON, Canada). Pre-study assessment was performed in early May 2016 and end-of-season survey was conducted after the cotton crop was harvested in November 2016. The EMI surveys were conducted following the detailed protocols as outlined by Corwin and Lesch (2005) . Geospatial measurements were collected with the coil configuration of the EMI meter oriented in the horizontal position. Horizontal orientation provides apparent conductivity (EC a ) of 75 cm, which was sufficient to cover the effective rootzone of the cotton (visual observations). Immediately after the EMI survey, six calibration sampling locations were selected using the ESAP-Response Surface Sampling Design (RSSD) module and soil samples were collected from five depths (0-15, 15-30, 30-45, 45-60, and 60-75 cm) (Lesch, 2006) . Samples were analyzed for field moisture content using the gravimetric method (Topp and Ferre 2002) . Baseline and end-of-year soil samples were collected from five depths (0-15, 15-30, 30-45, 45-60, and 60-75 cm) , processed, and analyzed for soil texture by the hydrometer method (Gee and Or, 2002) ; EC e (Rhoades, 1996) ; pH (Thomas, 1996) ; concentrations of Na, Ca, and Mg using ion chromatography (Tabatabai and Frankenberger, 1996) ; and SAR using the following empirical equation (Essington, 2003) :
Na SAR (mmol L ) Ca Mg
where Ca, Mg, and Na represent mmol L -1 concentrations of the respective ions.
Multiple linear regression (MLR) calibration equations included in the ESAP-CALIBRATE module were used to estimate EC e and SAR values from EMI values (apparent EC or EC a ) for each of the five depths (15-cm intervals). Many studies have demonstrated that EMI method can be successfully used to assess SAR if there is a strong correlation between EC e and SAR, as was the case in this study (Amezketa, 2007; Ganjegunte et al., 2017 ). The MLR model for estimating salinity or sodicity (A) has a general form of:
where
and v are raw location coordinates(degree decimals), k is the greater
The model-generated EC e and SAR values were imported into Surfer (ver. 13) and Omni-directional variograms were computed for EC e and SAR values to determine gridding method (point kriging).
Cotton Growth, Yield, and Fiber Quality
Cotton plant growth and yield parameters measured included plant height, number of branches, total number of bolls (open and closed at the time of harvesting), lint yield, and fiber quality data. Blended irrigation water applied for one cropping year to the 9.2-ha study site still had areas where salinity exceeded the threshold value for cotton but also had areas with <7.7 dS m -1 . In the absence of control study site, we selected five random plants from both salt-affected and non-saline areas for comparing cotton performance in terms of plant height, number of branches, bolls (open and closed), dead leaves, and lint yield. In addition to data from five random plants, we also collected previous year data on lint yield data from grower's records for evaluating S burnertreated water irrigation effects. Composite samples of cotton fiber from salt affected and non-affected plants were sent to the Fiber & Biopolymer Research Institute, Lubbock, TX, for fiber quality analysis. Fiber samples were tested for complete High Volume Instrument (HVI) and Advanced Fiber Information System (AFIS) parameters.
data Analyses
Best-fit equation for calibrating the MLR equations were chosen based on model that had all parameters significantly different from zero and with the smallest sum of squares for prediction errors (PRESS, predicted residual sum of squares). The residual independence was determined by Moran residual auto correlation test (Lesch et al., 1995) . Validity of the gridding method was determined by residual median absolute deviation, residual standard deviation, and Pearson and Lee's correlation between observed and estimated values (Kitanidis, 1997) .
Soil and cotton plant data were analyzed using analysis of variance and least significant differences methods to determine the significance of treatment differences using Genstat (version 4.1). In addition, we compared cotton lint yield from the previous year from farmers' records to the yield obtained under S burner-treated water irrigation to evaluate the effects of S burner on yield.
Although we desired to repeat this study for additional years to generate more robust information on the effect of salinity on cotton production, collaborating farmers' logistic limitations prevented us from continuing this study. Nevertheless, we feel strongly that the results generated from this study provide some valuable information for cotton farmers in managing their salinity conditions by using S burner technology.
results And dIsCussIon
Irrigation Water
Selected properties of untreated, S burner-treated, and blended irrigation water samples are provided in Table 1 . Results of water sample analyses indicated that only two parameters, pH and SO 4 concentration, were significantly impacted by S burner treatment. This was expected as S burner treatment acidifies and results in significant lowering of water pH. Sulfate concentrations of S burner-treated and blended waters were significantly greater than that of untreated water due to addition of dilute H 2 SO 4 . Based on salinity and sodicity values, blended water was classified as C3S1 (Richards, 1954) .
Untreated irrigation water was slightly alkaline, moderately saline, and had an SAR value of 5.3. This SAR value was below the threshold of 10 proposed by Richards (1954) , but in fine textured soils we have observed that even an SAR value as low as 5 could result in dispersion of clay. Several researchers have reported that the Rio Grande River water is elevated in salinity . Sources of the salinity are salts added by solubilization of geological deposits, upwelling of brackish groundwater, agricultural return flows, and wastewater discharge from treatment plants located in the upstream and evapo-concentration (Moyer et al., 2009; Ganjegunte et al., 2017) .
Pre-study soil Properties
Pre-study properties of soils in the effective root zone of cotton (upper 75-cm depth) are presented in Table 2 . Study site soils at different depths had neutral to slightly alkaline pH, clayey texture, and bulk density values in the upper end of the expected range. Soils at all five depths were saline with mean EC e values exceeding 4 dS m -1 but below the threshold for cotton (Grieve et al., 2012) . However, as evident from the range (Table 2 ) and spatial distribution of salinity within the study site (Fig. 2) , salinity at different depths in many areas of the study site exceeded the cotton threshold. Mean SAR values exceeded the threshold of 13 in all five depths at the study site. The study site receives low annual precipitation and even with 84 cm of irrigation water, it was not enough to flush the salts out of the root zone due to high annual potential evapo-transpiration. Fine texture, limited drainage, and high evapo-transpiration rates may cause native salts (especially Na salts) in the soils to become soluble and accumulate in the root zone on irrigation (Johnston et al., 2008; Ganjegunte et al., 2017) . Untreated water chemistry indicated that Na, Cl, and SO 4 concentrations were relatively higher, suggesting the dominance of Na 2 SO 4 and NaCl. Irrigation with water containing high concentrations of Na, Cl, and SO 4 over long periods can result in elevated SAR values as observed for pre-study soil samples.
estimation of saturated Paste extract electrical
Conductivity and sodium Adsorption ratio from electromagnetic Induction survey Tables 3 and 4 provide the statistical details of the MLR equations used for estimating EC e and SAR from EMI-EC a values at different depths. The coefficients of determination (R 2 ) for pre-study and end of the irrigation season MLR equations used for estimating EC e ranged from 0.69 to 0.88 and 0.56 to 0.88, respectively. The R 2 for MLRS used to estimate pre-study and end of-the-year SAR values ranged from 0.64 to 0.98 and 0.55 to 0.77, respectively. The residuals of the regression models were normally distributed with a homogenous variance because Moran spatial auto correlations were nonsignificant. Point kriging using a linear model with nugget effect fitted the experimental variograms well for both EC e and SAR at all depths. Fitted variogram models indicated that the measurement errors were small and local variation model parameters have been due to variations in soil properties, particularly clay content and field moisture levels (Friedman, 2005) . Thus, point kriging using a linear model with nugget effect was applied to prepare maps of the spatial distribution of EC e and SAR.
root-Zone salinity and sodicity
Pre-study EMI survey results indicated that the root-zone salinity exceeded the threshold value of 7.7 dS m -1 for cotton at various locations within the study site (Fig. 2) . Soil salinity (EC e ) values at different depths were highly variable and ranged from 0.2 to 13.3, 1.2 to 10.9, 0.7 to 11.6, 0.3 to 12.8, and 1.4 to 13.7 dS m -1 at 0 to 15, 15 to 30, 30 to 45, 45 to 60, and 60 to 75 cm, respectively. It is apparent from Fig. 2 that west and southeast sections of the field had relatively higher salinity compared with other parts of the study site. The elevation at the west part was 4 m lower than the irrigation inlet, and the southeast part was 5 m lower. In addition to elevation differences within the field, on the southwest part the local irrigation district has constructed a 2.14 m deep drainage ditch. Therefore, we hypothesize that both the lower elevations and presence of drainage ditch to the south led to accumulation of salts in these areas. It was also observed that salinity levels at three depths (0 to 15, 45 to 60, and 60 to 75 cm) were higher than two other depths. While evapo-concentration increases the salinity in surface depth, higher clay content in the deeper depths could have contributed to greater salinity levels (Friedman, 2005) . Irrigation with S burner-treated blended water had significant effects on both the level and spatial distribution of salts at different depths (Fig. 2) . While the EC e values decreased significantly at 0-to 15-and 15-to 30-cm depths, redistribution of salinity occurred in the remaining three depths. The EC e values of S burner-treated irrigation water ranged from 0.7 to 6.5, 0.3 to 9.2, 1.1 to 11.8, 1.1 to 11.3, and 1.1 to 11.7 dS m -1 at 0-to 15-, 15-to 30-, 30-to 45-, 45-to 60-, and 60-to 75-cm depths, respectively. It is evident from the above values that S burner treatment of irrigation water reduced soil salinity at all depths. However, the maximum EC e values at the end of the growing season exceeded the threshold for cotton at four depths (15-75 cm).
Pre-study SAR values exceeded the threshold value of 13 mmol 1/2 L -1/2 in a majority of the area (Fig. 3) . As discussed earlier, the Rio Grande River water, which is the major source of irrigation in the region, is moderately saline dominated by Na 2 SO 4 and NaCl. Expectedly, long-term irrigation with Na-rich water can lead to elevated levels of sodicity in the root-zone. Sodium adsorption ratio values at 0-to 15-, 15-to 30-, 30-to 45-, 45-to 60-, and 60-to 75-cm depths ranged from 12.7 to 16.7, 11.8 to 20.5, 12.1 to 23.9, 11.4 to 23.1, and 10.8 to 21.6 mmol 1/2 L -1/2 , respectively. After 1 yr of irrigation with S burner-treated blended water, SAR values decreased at all depths, and values ranged from 4.9 to 16.0, 9.8 to 18.0, 9.8 to 18.6, 11.8 to 19.7, and 4.0 to 19.8 mmol 1/2 L -1/2 at 0-to 15-, 15-to 30-, 30-to 45-, 45-to 60-, and 60-to 75-cm depths, respectively. Clearly, both the minimum and the maximum SAR values at different depths decreased after 1 yr of irrigation with S burner-treated blended water. However, as in the case of EC e , the maximum SAR values exceeded the threshold value of 13 mmol 1/2 L -1/2 . Study site soils contained up to 10% CaCO 3 by weight in the upper 75 cm soil core (USDA-NRCS, 2017). Application of acidified (dilute H 2 SO 4 ) irrigation water could have reacted with the native CaCO 3 present in the root-zone, resulting in the formation of CaSO 4 . Gypsum could have increased the supply of Ca ions in the soil solution. This increased supply resulted in replacement of Na by Ca on the soil exchange complex due to greater affinity of clay for divalent cations. Net effects of all these changes was lowering of SAR, better structure, and increased permeability that could have leached the predominantly Na salts to deeper depths and redistributed the Na within the same depth.
The above statements are supported by SAR maps (Fig. 3) . There is limited research on effects of S burner on soil chemistry, and available literature indicated that similar to the current study, application of S burner-treated water increased the infiltration rate that resulted in reduced EC e and sodicity, especially in surface soils (Johnston et al., 2013) . However, the maximum salinity and sodicity observed after 1 yr of irrigation with S burner-treated (blended) water were still above the threshold. This could be due to greater buffering ability of arid soils that contain elevated levels of alkaline earth metal salts. Just 1 yr of irrigation with acidified water was not sufficient to neutralize the high degree of salinity. Nevertheless, it is encouraging to see significant reductions in both salinity and sodicity throughout the upper 75-cm depth, even after a single irrigation season. Thus, the results indicate a great potential for S burner treatment of irrigation water to manage salinity and sodicity in the affected cotton fields of the arid west Texas region.
Cotton establishment, Growth Parameters, and lint Yield
Cotton seedling emergence and growth parameters such as plant height, number of branches, total number of bolls, and number of open and closed bolls at harvest were all significantly greater for non-saline areas compared with salt-affected areas within the study site (Table 5 ; Fig. 4 ). More importantly, lint and seed yields were also significantly greater for plants collected from non-affected areas in the study site compared with that from salt affected areas. Grower's records indicated that long term prestudy cotton lint yield averaged around 1136 kg ha -1
. The lint yield recorded for the study site after 1-yr of irrigation with S burnertreated water was 1364 kg ha -1 . Salinity effects on cotton have long been neglected, as it is considered to be a tolerant crop (Grieve et al., 2012) . However, in the recent years, declining freshwater supplies due to prolonged drought, increased irrigation with saline groundwater, and increasing secondary salinity in irrigated regions due to inadequate drainage have brought attention to salinity effects on even the tolerant crops such as cotton (Ashraf and Ahmad, 2000; , 2010; Zhang et al., 2017) . The pre-study lint yield levels observed at the study site were about half of the yield values reported for the same cultivar at other non-saline growing regions within west Texas and the southwest United States (Drake et al., 2016; Hutmacher, 2018) . Reduced plant height, number of branches, and total number of bolls in salt-affected plants are likely the results of diminished water uptake and increased transpiration resulting in overall poor growth and reduced yield (Sun et al., 2013; Lokhande and Reddy, 2014; Zhang et al., 2017) .
Fiber Quality
Studies have also indicated that salinity adversely affected cotton fiber quality (Razzouk and Whittington, 1991) . Our results from analysis of fiber quality of composite samples indicated that salt-affected plants had numerically higher micronaire values, a measure of fineness used to evaluate the fiber quality (Table 6) . Although a micronaire value of 3.7 to 4.2 is optimum for yarn spinning and hence fetches the premium value in American upland cotton, Pima cotton fiber with > 3.5 micronaire value receives no differentials on the lint price. Therefore, salinity did not significantly influence the lint value in our study. Nevertheless, higher micronaire observed for salt-affected cotton fiber indicated stress such as moisture deficiency induced by higher salinity. Other researchers have also reported the salinity effects resulting in immature fibers due to adverse impacts on photosynthesis, sugar transport, and lower cellulose content (Peng et al., 2016; Zhang et al., 2017) . The results of this study confirm the adverse effects of salinity on cotton growth parameters, lint yield, and fiber quality, with significantly lower fiber length under more saline conditions.
The most significant effect of salinity was observed on fiber reflectance and yellowness. Fiber reflectance was improved by salinity, which could be related to increased micronaire value. However, salinity also increased fiber yellowness; the increased yellowness reduces the value of the lint. The AFIS system also validated the significant effects of salinity on fiber parameters. For instance, the fiber length that was exceeded by 5% of the fibers (L5%) was significantly reduced by salinity (48:46, saltunaffected/salt-affected), whereas trash counts in ginned fiber was significantly higher in saline condition (2323 counts per gram) compared with that under salt-unaffected condition (747 counts per gram). The results of our study indicate potential benefits of reducing root zone salinity by blending S burner-treated water to improve cotton growth parameters, lint yield, and fiber quality.
ConClusIons
Pre-study soil properties indicated that the root-zone salinity levels exceeded the threshold in many areas within the study field. Salinity affected cotton plant performance by reducing emergence, plant height, number of branches, number of bolls, lint, and seed yields. Cotton lint quality of salt-affected plants were inferior to that produced by non-affected plants, which would have direct implication for the farm revenue. Irrigation with S burner-blended water resulted in lowering soil sodicity in all depths and salinity at 0 to 15 and 15 to 30 cm. Cotton plants collected from reduced salinity areas had greater plant height, number of branches, bolls, and lint production. As a result of irrigation with blended S burnertreated water, 2016 cotton lint yield was 20% higher than the average yield obtained at the study site in the recent past. However, 1 yr of irrigating with S burner-treated water did not result in bringing maximum EC e and SAR values below the threshold. Therefore, multi-year studies would provide confirmation to the results of the current study and quantify the duration it takes to restore soil quality, cotton yield, and fiber quality. It may be concluded that S burner treatment of irrigation water has the potential to reduce soil salinity and improve cotton growth, lint yield, and fiber quality in salt-affected regions of the world. 
